Particle phase transitions in the early universe including electroweak and grand unification ones are well-studied subjects. We point out that there are new possible particle phase transitions around inflation. Those new inflationary particle phase transitions, if of the first order, may yield low-frequency gravitational waves (GWs) due to bubble dynamics, leaving imprints on the cosmic microwave background (CMB). In contrast to the nearly scale-invariant primordial GWs caused by vacuum fluctuation, these bubblegenerated GWs are classical and have scale dependent B-mode spectra. If decoupled from inflaton, the electroweak phase transition during inflation may serve as a mirror image of the one after reheating where the baryon asymmetry could be generated via electroweak baryogenesis (EWBG). The second new electroweak phase transition may also be the source for EWBG.
Introduction
Particle phase transitions happened in the early universe are rich subjects closely tied to beyond the standard model physics and particlegenesis in the early universe. With the advent of LHC and the discovery of Higgs, the questions around the electroweak phase transition have intensified. The direct detection experiments for GWs and collider searches are two major ways to probe particle phase transitions.
Inflation is the leading paradigm in the very early cosmology to provide the seeds for CMB fluctuations. In the old inflation scenarios of the early days, the inflaton went through a tunneling process similar to a strong first order phase transition, to drive inflation to happen. This inflaton phase transition scenario is however not successful because the phase transition bubbles cannot collide. If one goes beyond the single field inflation scenario (which is actually a natural step after considering the presence of the standard model Higgs and many popular beyond the standard model scalar extensions 2 ), the phase transitions of the other fields during inflation remain valid. The energy density during inflation is very high in almost all inflation models to drive inflation, whereas the temperature during inflation is roughly a constant, so-called the Gibbons-Hawking temperature T GH = H/(2π), which can be as low as 10 −24 GeV. One can find the experimentally allowed inflation models with different Hubble constant H in Fig. 1 . We would like to stress here that our scenario is very different from Higgs inflation 2,3 and Coleman-de Luccia bubble phase transitions 4 . The energy density difference inside and outside the phase transition bubbles is not too large in our scenarios, so as inflation can happen both inside and outside bubbles. This way bubbles can collide and stir up turbulence in the thermal plasma to generate gravitational waves.
The temperature contribution from radiation drops quickly at the beginning of inflation when all the particle contents get diluted, left with only contribution from curvature, T GH . With the lower scale inflation models, H ∼ T GH ≤ 10 2 GeV, the Higgs field/phase transition field stay at the origin of the potentials and tunnel to the spontaneous breaking phase due to the decreasing of the temperature, See Fig.2 . Notice that even when H ≤ 10 2 GeV, the energy density in that early universe is still as high as ρ ∼ (10 10 GeV) 4 . Moreover, the GUT phase transition, if exists, will happen in almost all the inflation scenarios.
The normal phase transitions happened in particle physics after reheating produce gravitational waves that direct detection experiments are currently looking for by Advanced LIGO, Advanced Virgo and LISA. The particle phase transitions here happened around inflation in the much earlier universe. They left an imprint on much larger scales in the universe today. If we assume a strong first order phase transition in particle physics (for electroweak phase transition it is preferred by baryogenesis), the drastic bubble nucleation process produced in phase transition will produce gravitational waves. This type of gravitational waves, produced around the same time as the primordial gravitational wave, but having a different yet scale-dependent spectrum, characterized by the bubble sizes at the time of collisions. Fig. 1 . In various inflation models, Hubble constant during inflation can take different values from 10 −24 GeV up to 10 14 GeV. The upper bound is set by the latest experiment. When the Hubble constant is below 10 −14 GeV, the universe can not reheat above 100GeV later, where the EW baryogenesis can be hardly achieved. Below 10 −24 GeV, the reheated universe is too cool to have big bang nucleosynthesis. WSPC Proceedings -9.61in x 6.69in
EWinflationcon page 3 3 Fig. 2 . The thermal temperature vs time in the early universe. Notice that the temperature during inflation comes mainly from the curvature contribution of the de sitter space, which is proportional to the Hubble constant. Two more electroweak phase transitions are proposed here, namely EWPTa and EWPTb.
Gravitational wave spectra
We derive the power spectrum P γ coming from scale dependent GWs produced in de-Sitter space here. During inflation, the action can be written as two independent copies of probe field γ s ,
We can then quantize the γ s fields:
−ks . Solving the equation of motion, we can get the mode function v k :
where the coefficients c 1 (k), c 2 (k) are subject to the consistency condition of quantization |c 1 | 2 − |c 2 | 2 = 1. The energy density of GWs is essentially the Hamiltonian density, given by
Furthermore, the gravitational energy spectrum can be obtained as
where we assume that the universe is spatially flat, meaning that ρ tot = ρ critical = 3H 2 M 2 p . Particularly note that during inflation ρ tot = ρ inflaton + ρ rad + ρ higgs . We can also calculate the power spectrum of GWs which measures the two point correlation:
This power spectrum of GWs contributes both temperature fluctuations and polarizations on the CMB. We consider the classical limit for these GWs, where c 1 ≈ c 2 1. Inserting the mode functions, we can get the relations for sub-horizon and super-horizon modes WSPC Proceedings -9.61in x 6.69in
EWinflationcon page 4 4 respectively,
Gravitational waves by the bubbles
The sub-horizon case in our inflationary scenarios is similar to the previous seminumerical studies on the EW phase transitions such as 6, 8 . Usually the phase transition is a rapid process compared to the Hubble time and thus the effect of expansion of the universe can be ignored even during inflation.
We can then finally determine the power spectrum of GW generated by bubbles. Using Eq. (6), we arrive at:
where P crit γ is the power spectrum at the critical point:
GW .
An estimation yields:
for the sub-horizon case. 
Imprints on CMB
The CMB spectrum can be obtained by inputting the power spectrum into the CLASS 5 where the transfer function is calculated. As we see from Eq. (7), the WSPC Proceedings -9.61in x 6.69in EWinflationcon page 5 power spectrum diverges when k → 0. This divergence is unphysical as the GW generating formulas break down at super horizon scale. We can introduce the horizon scale as a natural cut-off, yielding k cutoff-physical = k cutoff /a * ∼ H. The critical physical momentum is related to the bubble size via k crit /a * ∼ R −1
b . The corresponding comoving momenta are
where N * is the e-folding number of phase transition counting from the time that the largest mode k 0 exits the horizon. We choose the scale factor today a 0 as one, thus the largest physical mode today is k 0 = 0.0002Mpc −1 as the inverse of observed universe size. Approximately we can find k 0 corresponding to the position at CMB multipole 0 ∼ 2. Then we arrive at relations:
• GUT scenarios: The GUT phase transition happens around 10 16 GeV 9,10 . If choosing (H/β) 6 ∼ 10 −10 , ρ GUT ∼ (10 16 GeV) 4 , and H ∼ 10 14 GeV, then we have P crit γ ∼ 10 −10 .
• EW scenarios: Typically the EWPT temperature is around 10 2 GeV ∼ 10 3 GeV, which requires T GH ∼ H < 10 2 GeV. A first-order EWPT can be achieved in various theories beyond the standard model, e.g.
. If taking (H/β)
6 ∼ 10 −6 , ρ higgs ∼ (10 3 GeV) 4 , and H ∼ 10 −11 GeV, then we have P crit γ ∼ 10 −10 . The baryogenesis requires the universe going out of equilibrium, sometimes a strong first-order phase transition. Although the phase transition during inflation is not suited for generating baryons because all the particle generated during inflation will be diluted. The second symmetry restoration (EWPTb or a contrived GUTb) we proposed here might achieve that goal(see a related model 12 ).
Discussions
In this talk we introduce an indirect approach to probe the first-order CPTs, such as the GUT phase transition and the EWPT, by detecting the GWs through the CMB. These GWs are generated during inflation via bubble collisions or by the turbulence caused by bubble motion in the thermal plasma, characterized with a scale-dependent power spectrum. The large-scale scalar power spectrum caused by the first-order CPTs during inflation might be suppressed due to the relatively large values of the slow-roll parameter when the thermal radiation is diluted. The further discussion on the density fluctuation depends on the details of the specific inflation models.
